The aims of the present study were to test the hypothesis that data stratification by cluster analysis and the use of other variables, in addition to DBH, can improve the precision of the estimates in diametric increment modeling for Mixed Ombrophilous Forest species. The study was carried out in the Irati National Forest. Data from 25 permanent sample plots of 1 ha each were used with all individuals presenting DBH equal to or greater than 10 cm being identified and measured. The increment modeling was performed for the whole forest (non-stratified data), ecological groups and species subgroups (stratified data) defined by cluster analysis. DBH presented a low correlation with the diametric increment and the use of other independent variables had a positive effect on the fitting, reducing the standard error of estimate and increasing the coefficient of determination. The data stratification did not make the models suitable to estimate the diametric increment; however, it provided improvements by reducing the standard error of estimate, suggesting that this technique can be better applied in the search for improvements to diametric modeling in natural forests.
INTRODUCTION
Management of even-aged populations, mainly composed of a single species, has been widely studied for a long time, and significant understanding regarding characteristics, techniques and tools to manage these populations has been obtained.
Although many Brazilian native forest species present high potential for use, they have received little attention in terms of understanding their growth rate (Della-Flora et al., 2004) . However, in recent decades, increasing attention has been paid to studying native forests, due to concerns with the decay rate of these ecosystems, and interest in secondary forest products and the sustainable use of noble wood products.
One of the fundamental requirements for wood production is sustainable management. This requires knowledge of current stock and growth rates of the species that comprise the forest or, at least, those considered relevant for the activity. The stock can be obtained through inventories of the relevant areas. However, forest growth, determined via successive inventories, can only be predicted based on growth or increment models of the relevant species contained in a forest (Della-Flora et al., 2004) . A predictive function for the tree diameter increment is fundamental for growth models, as well as for other functional models based on the individual tree or on size classes (Alder, 1995) .
Tree growth modeling is always related to diameter (DBH), due to the ease of measuring this variable, its sensitiveness to environmental changes and population density and the fact that it is strongly related to the crown, tree mass and stem volume. According to Alder (1995) , in tropical forests, diametric increment can be predicted empirically from tree DBH or basal area, tree competition situation or population and continuous or categorical variables of the site.
Several studies have been developed aiming to model diametric increment or the basal area, based on the dimensional and sociological tree variables, site index and competition (Vanclay, 1991; Chai & Lemay, 1993; Palahí & Grau, 2003; Della-Flora et al., 2004; Phillips et al., 2004; Nebel & Meilby, 2005; Rossi, 2007; Stepka et al., 2012) . However, the results obtained were not particularly satisfactory due to the low performance of these models' fit. This is frequently a result of the existing variation between different tree increments or due to diverse factors that may interfere with the dynamics of each individual, such as genetic variability, age difference, environmental conditions and even competition with other individuals.
In this regard, we can affirm that modeling of the diameter increment of tropical species or even of individual trees has a long way to go. However, even with this being the case, such modeling is important because it allows us to understand the effects of environmental factors on tree growth rates.
Considering the difficulties involved in modeling the diametric increment of native forest species, this study sought to test the hypothesis that data stratification by cluster analysis and the use of other dimensional, qualitative, site and competition variables, in addition to the DBH, can improve the precision of diametric increment modeling estimates of Mixed Ombrophilous Forest species.
MATERIAL AND METHODS

Data origin and study area location
This study was carried out in a fragment of Mixed Ombrophilous Forest at the National Forest of Irati, which is on the Paraná second plateau, within the limits of Fernandes Pinheiro and Teixeira Soares counties, including the Irati Colonial micro region. The area is located between the right margin of the river das Antas and the left margin of the river Imbituva, both belonging to the river Tibagi watershed, with an average altitude of 820 meters.
According to the Köppen classification, the climate in the region is type Cfb -Mesothermal Humid Subtropical, characterized by mild summers, severe and frequent frost in winter and no dry season. It presents well defined climatic seasons, with rainfall throughout the year. The average monthly rainfall is 194 mm and the monthly average for relative air humidity is 79.5%. The average annual temperature is 18 °C, with -2 °C annual minimum and 32 °C maximum temperatures. The average temperatures in Irati are between 13 and 23.5 °C (SIMEPAR, 2012 according to the Soil Taxonomy classification systems (USDA, 1999) .
The data used in this study was collected from the Continuous Forestry Inventory carried out between 2002 and 2011 in 25 permanent plots of 1ha (100 × 100 m) each, in which all the individuals whose diameter at breast height was equal to or greater than 10 cm (DBH ≥ 10 cm) were identified and measured.
Diameter increment
The diameter increment was obtained based on the diameter growth of trees measured in the first measurement and that remained alive throughout the whole period of fragment monitoring. Therefore, the diametric increment observed between 2002 and 2011 was recorded. The periodic diameter increment (IP) and periodic annual increment (IPA) were calculated using Equations 1 and 2:
where: IP d = periodic diameter increment (cm); IPA d = periodic annual increment in diameter (cm.year -1
); d f = DBH at the end of the growth period evaluated (cm); d i = DBH at the beginning of the growth period evaluated (cm); P = measurement interval (years).
Data stratification
To reduce data variation when seeking more efficient modeling, groups of species with similar growth characteristics were defined. To this end, species were firstly classified into ecological groups (pioneer, early secondary, late secondary and climactic) based on classifications by: Lorenzi (2002) , Carvalho (2006 Carvalho ( , 2008 and Sawczuk et al. (2012) .
For each ecological group, a data matrix was structured with the i-TH species and the DBH class j-TH , considering the mean diametric increment values, that is, the species were grouped based on their size and growth rate. Each data matrix was submitted to cluster analysis through the Hierarchical agglomerative method using the Euclidian Distance as a similarity measure, and a dendrogram was generated for each ecological group, obtained through the complete linkage clustering method (farthest neighbor), which served as a basis to define species subgroups with similar growth characteristics.
The determination of the number of species subgroups obtained for each ecological group was carried out through the graphic analysis of the dendrogram. Different subgroup compositions were defined for each ecological group (different threshold levels in the dendrogram) and regression fittings were realized to evaluate the estimates generated for the different possibilities as well as to determine which composition presented the best results.
In this way, it was possible to compare the results of the diameter increment modeling at whole stand level (data without stratification), by ecological group, and their respective species subgroups (stratified data).
Rare species, that is, those with density lower than one individual per hectare (Kageyama & Gandara, 1994) , were not considered in the cluster analysis, since they generally formed isolated groups and, in such cases, the number of appearances was not sufficient to allow modeling.
Diameter increment modeling
The diametric increment modeling was carried out using two methods. In one, eight models were tested (Table 1) , of which three were linear and five were non-linear, with the independent variable being the DBH at the beginning of the evaluation period for estimation of the diametric increment.
The annual periodic increment was calculated, based on the 2002-2011 period, using the diameter in 2002 as an independent variable. Model fitting was performed also considering smaller intervals (3 and 6 years), but the results obtained were inferior in comparison to the period of nine years. Thus, only the modeling for the period 2002-2011 is presented.
Aiming to evaluate the effect of using other variables, besides diameter, in the diametric increment estimate, equations were generated by Stepwise procedure, for both ecological groups, subgroups obtained by cluster analysis and for the forest as a whole. The dimensional and qualitative characteristics, competition indexes and site were used as independent variables. In this sense the following variables were defined: a) Dimensional variables: diameter at breast height, diameter added to a standard deviation; diameter added twice to a standard deviation; diameter raised to the square; naperian logarithm of the diameter; inverse of the diameter; cross-sectional area; diameter class center (15 to 105 cm, and the class amplitude used was 10 cm); b) Site variables: plot basal area (10 × 50 m); species basal area per hectare; c) Competition variables: Glover and Hool index (defined by the ratio between the tree diameter square of the tree considered by the forest mean diameter square) and BAL index (Basal Area Larger), defined by the ratio between the mean basal area per sample unit and the tree basal area considered; d) Qualitative Variables: Stem form (SF); straight stem (3); slightly tortuous stem (2) and tortuous stem (1); sociological position (SP); upper extract (3); medium extract (2) and lower extract (1); Plant health (HE): good health (3), medium health (2) and poor health or pest attack, rotten stem, etc (1).
Two other variables used that should be mentioned were, crown position (CP) and crown shape (CS), evaluated according to Dawkins (1958) . Dawkins (1958) pointed out that the crown position is determined as a function of the incidence of sunlight. Therefore, a cone with a 90° angle is considered from the crown base. The method divides the crown position into five classes (Figure 1 ). In class 5 (emerging), the crown surface is completely exposed to sunlight in a vertical position and is free from lateral competition, with total incidence of light on the cone. In class 4 (complete upper lighting), the upper part of the crown is completely exposed to sunlight, but there is some lateral shading from other crowns of the same height or taller, within the cone. In class 3 (partial upper lighting), the crown surface is not totally exposed to sunlight in the vertical position, since it is partially shaded by other crowns. In class 2 (some natural light), the crown surface is completely shaded in the vertical direction, but is still exposed to some direct sunlight from an opening or the end of an upper canopy. In class 1 (no direct sunlight), the crown surface is completely shaded, in both the vertical and lateral directions.
The crown shape, according to Dawkins (1958) , is also divided into five classes ( Figure 1 ). Class 5 (perfect shape): no irregularities, both in the upper and lateral directions. Class 4 (good shape): there is slight irregularity in the crown format. Class 3 (tolerable shape): more irregularities, but lower than 50% of the crown. Class 2 (poor shape): irregularities are found in over 50% of the crown; Class 1 (intolerable shape): significant irregularities that can affect the whole crown.
Evaluation of models
The selection of models was carried out based on the highest adjusted coefficient of determination (R 2 adj) and lowest standard error of the relative estimate (Syx%). Additionally, the significance of coefficient (p-valor α ≤ 0.05) was verified for each adjustment carried out. When no significant coefficients were found, these were disregarded and a new adjustment was performed with the significant coefficients (or variables).
The graphic distribution of residuals was also evaluated. However due to space limitation and to the great number of equations tested in this research, these graphics were not presented even though no trend toward underestimation or overestimation was observed.
RESULTS AND DISCUSSION
The definition of the species subgroups for each ecological group was performed by graphic analysis of the dendrogram resulting from the cluster analysis based on the increment mean values per species and DBH -1 ); DBH = diameter at 1.3m (cm) at the beginning of the growth period; ln = naperian logarithm; e = base of the naperian logarithm; β 0 , β 1 , β 2 = coefficients to be estimated.
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Diameter Increment Modeling in an Araucaria Forest... Floresta e Ambiente 2018; 25 (3): e20170625 class. Figure 2 presents the dendrograms obtained by the Euclidian distance as a similarity measure, using the complete linkage clustering method with the furthest neighbor, for each ecological cluster.
Based on the dendrograms, four distinct subgroups were defined for the pioneer and secondary species main groups and two subgroups for the climax species, as follows: Seeking to compare and evaluate the efficiency of grouping in the diametric increment modeling, in addition to the subgroups formed in the clustering analysis, all species belonging to each ecological group were joined in their respective main group and named Pi (Pioneer), Si (early secondary), St (late secondary) and Cl (climax). Additionally, the diametric increment modeling was carried out for the forest as a whole, that is, considering all the species used in the grouping without stratifying. Tables 2 and 3 present, respectively, the results of adjustments carried out based on the models whose Pi = pioneer; Si = early secondary; St = late secondary; Cl =climax; N = number of observations; R 2 adj = adjusted coefficient of determination; Syx (%) = standard error estimate; β 0 , β 1 , β 2 = coefficients to estimate.
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Diameter Increment Modeling in an Araucaria Forest... Floresta e Ambiente 2018; 25(3): e20170625 presented in this research, with low coefficient of determination and high standard errors of estimation Palahí & Grau, 2003; Phillips et al., 2004; Della-Flora et al., 2004; Nebel & Meilby, 2005; Bueno & Bevilacqua, 2010; Stepka et al., 2012) .
The use of other independent variables, besides DBH, in the diametric increment estimate, positively influenced the adjustments. In this sense, the equations to predict diametric increment obtained by Stepwise procedures presented higher results, in all situations under evaluation and, even for the forest in general, when compared to the models that only used the DBH as the independent variable at the beginning of the evaluation period.
The most common variables in the equations obtained by Stepwise procedure, to estimate diametric increment were, respectively: crown shape (100%), crown position (73.7%), plot basal area (68.4%), species basal area per hectare (57.9%) and sociological position (52.6%).
Modeling the increment in basal area of individual trees of Cedrela odorata L., in the Amazon Forest, Cunha (2009) showed that some dimensional characteristics of trees, such as total height, degree of slenderness, crown length and crown shape contributed to a greater degree to explaining the variation of basal area increment (82.7%). Most of the variables that expressed tree morphometry were associated with the crown, indicating it as a reference for use in predicting growth when higher accuracy and reliability of mathematical models is desired.
The DBH variable was hardly ever selected in the equations generated by Stepwise procedure, indicating low correlation between the diametric increment and the diameter at the beginning of the evaluation period.
The diametric increment estimate per ecological group presented positive effects on the pioneer and climax species, when compared to the estimates obtained for the forest in general. In this case, the best fit obtained for the forest as a whole by the models using only DBH as independent variable was model 1, with R 2 adj = 0.113 and Syx%= 76.5%. In the Pioneer and Climax groups, the adjusted R 2 was 0.254 and 0.115, and the Syx% was 60.2% and 69.3%, respectively. In relation to the equations obtained by Stepwise procedure, the forest presented R 2 adj = 0.239 and Syx%= 71.1%, while the referred groups presented R 2 adj= 0.368 and 0.280, and Syx% = 55.2 and 62.5%, respectively.
Data stratification in subgroups of greater similarity, in relation to growth, by cluster analysis, indicated a reduction in the standard error of estimate, when compared to the adjustments by ecological groups, with some exceptions, as was the case with subgroups 3 and 4 of the pioneer species, subgroup 1 of the early secondary species and subgroup 3 of the late secondary species. On the other hand, no relation was observed between data stratification and the adjusted coefficient of determination.
The highest adjusted coefficient of determination was observed for the Pioneer group, both in the traditional model and the equations obtained by Stepwise procedure, whose values were 0.254 and 0.368, while the standard error of estimate values were 60.2 and 55.2%, respectively. However, two subgroups deserve emphasis: subgroup 1 and subgroup 2 in the pioneer group, represented by the species Araucaria angustifolia and Cedrela fissilis, respectively. Subgroup 1 presented R 2 adj = 0.201 and Syx% = 49.1% in the traditional models and R 2 adj = 0.302, and Syx% = 45.9% for the equations obtained by Stepwise procedure; these were the lowest errors observed of all the groups/subgroups under evaluation. Subgroup 2 presented R 2 adj = 0.158 and Syx% = 53.1% (traditional models), and R 2 adj = 0.244 and Syx% = 50.3% (Stepwise). This indicates that the adjustments carried out at the species level might present higher results than those obtained per species group, or even for the forest as a whole.
Similarly, Vanclay (1991) tested different ways of grouping 237 species in a forest in Queensland, Australia, and concluded that grouping produces more robust equations than when individual species are used, although the equation R 2 value for species that were not grouped (0.51) was higher than that of the grouped species (0.49). In that study, a diametric increment function was developed with six coefficients using DBH, site quality, basal area and a competition index. Rossi (2007) tested some models for the adjustment of mean increments grouped by DBH class and noticed that the adjustments for pine in general presented better statistics than those obtained from the increment adjustment for all species. This author found that of the 168 cases tested, only 22 presented a standard error of estimate lower than 15% and in only one case was it 9/12 Diameter Increment Modeling in an Araucaria Forest... Floresta e Ambiente 2018; 25(3): e20170625 lower than 10%. Regarding the adjusted coefficient of determination, there was variation from 0.00 to 0.87, presenting 22 cases with values over 0.80. This author also modeled the mean annual increment obtained in periods of 1, 2, 3 and 4 years of monitoring; the best adjustments occurred with data obtained in the of 2-year monitoring period. Chai & Lemay (1993) developed a diametric model for the forests of Sarawak, Malaysia, using DBH, square DBH, competition index, age since exploitation, basal area, number of trees and crown position as independent variables. These authors found an adjusted coefficient of determination varying from 0.08 to 0.48, and the modeling per species caused an 11.2% reduction in the standard error of estimate when compared to the modeling by species group.
Other studies can be cited to compare the results obtained in this study. used DBH, competition index, site index, basal area and population age as independent variables to model Pinus sylvestris growth in Spain. These authors obtained R 2 = 0.24 and Syx% = 64.1%. Palahí & Grau (2003) , when estimating Pinus nigra increment in northern Spain, obtained R 2 = 0.14 and Syx% = 67.7%, using increment data with a 5-year measuring interval. These authors used DBH, competition index and population age as variables. Phillips et al. (2004) applied an individual increment model in the Brazilian Amazon forest, using DBH and competition index as independent variables, which resulted in an R 2 varying between 0.033 and 0.186, according to the species group. Low performance in diametric increment modeling using the DBH at the beginning of the monitoring period is explained by the great variability of tree increment in native forests, in terms of a common initial diameter. In these forests there is great variation in tree increments (biological variation) sometimes related to genetic factors, age differences between trees, soil quality and competition. A number of trees showing the same dimensions can present different growth rates due to diverse factors that can interfere with the dynamics of each individual, that is, this variable yield from the same size trees affects the low performance in terms of adjustments (Stepka et al., 2012) .
The difficulties for prognosis of growth in natural forests are related to tree growth variability, which is influenced by the characteristics of the species in relation to the forest structure and environment, since several of them are environmental factors that affect tree development, such as climatic, pedological, topographical and competition factors (Husch et al., 1982; Prodan et al., 1997) .
In this sense, Swaine (1990) states that tree growth rates are highly variable, with variations between species, as well as between trees of the same species, but of different sizes or genetic constitution, or established in different habitats. Terborgh et al. (1997) said that individual trees of a given size may represent a significant age difference. Therefore, trees of a given age can reach different sizes, which means that individuals of a given size or age may be growing at many different rates, negatively affecting the estimation of growth trajectory and life span.
According to Figueiredo et al. (2017) , the size and shape of trees are directly affected by the site characteristics and conditions under which they develop such that trees of the same species and age may present marked differences in their dendrometric variables, which makes the prognosis of growth difficult.
Many studies on this topic develop modeling based on mean increment data. The adjustment statistics, in such cases, obviously present coefficients of determination close to 100% and very low errors. However, this does not represent the reality of data variability, since these adjustments do not reflect the actual forest growth rate (Stepka et al., 2012) .
Finally, these results indicate that the use of other variables as indexes that represent the competition and the site, in addition to the diameter at the beginning of the evaluation period, to estimate diametric increment, positively influenced the adjustments, and an increase in the adjusted coefficient of determination was observed along with a reduction in the standard error of estimate, both in the subgroups formed and in the ecological groups and for the forest as a whole. Data stratification of a Mixed Ombrophilous Forest using cluster analysis, based on mean increment values, by species and DBH class, generally led to a reduction in the standard error of estimate; however, the results obtained still did not make it possible to model diametric increment with good performance.
Given this, the stratification of the data resulting from the proposed grouping or even by species, may be an option in this type of modeling. Therefore, stratification should also occur at the individual level, and may reduce the variation in the data set, improving the evaluation statistics. In this case, the independent variables used in the modeling, can also be considered in a discriminant analysis, aiming to identify the variables capable of better discriminating the subgroups, which would possibly be the variable most correlated with the increment.
The morphometric indexes (Hernández & Luna, 2008; Orellana & Koehler, 2008; Schneider & Schneider, 2008; Selle & Vuaden, 2010; Wink et al., 2012; Zimmermann et al., 2016) reflect, among other factors, the photosynthetic potential of the tree and are sensitive to the effects of competition (Tonini, 2007; Dimov et al., 2008; Fox et al., 2008; Boivin et al., 2010; Thorpe et al., 2010; Chassot et al., 2011; Cunha & Finger, 2013; Costa & Finger, 2017) , thereby leading to variability in resource uptake, making them highly correlated with growth (Clark & Clark, 2001) . Therefore, further research on the use of other variables for increment modeling, especially morphometric variables related to tree crowns, may be an option in modeling diametric increment in native forests.
CONCLUSIONS
• The DBH variable was almost never selected in the equations generated by Stepwise procedure, indicating the low correlation existing between the diametric increment and the diameter at the beginning of the evaluation period. Consequently, traditional models did not present reasonable statistical results from the data of the present study;
• The variables most correlated with diametric increment and, consequently, most used in its modeling were: crown shape, crown position, plot basal area, species basal area per hectare and sociological position, which resulted in improvements to the adjustments for all situations under evaluation compared to traditional modeling; • The stratification of the data by cluster analysis did not make the model statistics suitable to estimate the diametric increment, however, they produced an improvement, reducing the standard error of estimation, suggesting that this technique can be better applied in the search to improve the diametric modeling of natural forests.
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